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ABSTRACT. A series of mutants of chymotrypsin inhibitor 2 (CI2), at residues that interact with the inhibited
enzyme subtilisin BPN were studied to determine the relative importance of intermolecular contacts on
either side of the scissile bond. Mutants were tested for inhibition of subtilisin, rates of hydrolysis by
subtilisin, and ability to acylate subtilisin. Additionally, crystal structures of the mutant CI2 complexes
with subtilisin were obtained. Ordered water molecules were found to play an important role in inhibitor
recognition, and features of the crystal structures, in combination with biochemical data, support a transition-
state stabilization role for the;Pesidue in subtilisin catalysis. Consistent with the proposed mechanism
of inhibition, in which rapid acylation is followed by religation, leaving-group contacts with the enzyme
were found to be more critical determinants of inhibition than acylating-group contacts in the mutants
studied here.

The protein inhibitors of serine proteases inhibit enzymes Scheme 1: Mechanism of CI2 Cleavage by Subtifisin

by binding extremely tightly at the enzyme active site yet E K, H,0 E
resisting proteolysisl( 2). Using the subtilisin/chymotrypsin or 2 EoR g H e Q S o °
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inhibitor 2 (CI2} complex as a model, we have previously R-G-N-R' ki Kz R-C-OH eH,N-R'
presented evidence3)( that these inhibitors form acyl freeenzyme  Michaelis acyl-enzyme  free enzyme and
enzyme intermediates rapidly with target enzymes, but the and Cl2 complex complex cleaved CI2

inhibitor rapidly religates, in preference to the forward  2Subtilisin is represented by E, and CI2 is depicted as N- and
reaction of hydrolytic deacylation. In Schemekl; is much C-terminal protein fragments R and,Respectively, connected by the
greater tharks, resulting in an apparent equilibrium between Scissile peptide bond targeted by the enzyme.
the Michaelis complex and the aeynzyme. We have
termed this rapid religation phenomenon, in which the tight
and oriented binding of the leaving-group peptideNHR'
in Scheme 1) prevents aeyénzyme hydrolysis and favors
the reverse reaction, the clogged gutter mechan®m (

On the basis of this mechanism, in which inhibition is
caused by the very slow rate-limiting step of deacylation an
product release, we would predict that those interactions

between the enzyme and inhibitor involving the leaving-
group R fragment of CI2 would be particularly critical. With
good substrates of subtilisin, acylation is typically rate-
limiting (4, 5), and substrate specificity and reaction rates
are largely determined by contacts between the enzyme and
g the acylating R portion of the substrate, most notably the P
residué (6, 7). In contrast, for inhibitors that act by the
clogged gutter mechanism, interactions between the enzyme
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Mutations at the Subtilisin/Cl2 Interface

responsible for the proteolytic resistance of the inhibitor.
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variant (3-10 «g) in 100 mM Tris at pH 8.6, on ice for 15

Next, we systematically mutated residues of CI2 at the min, to allow formation of an apparent equilibrium mixture
binding interface that make substantial contacts with the of the noncovalent complex and the aecginzyme species.
enzyme. On the acylating R side of the scissile bond, we Samples were acidified to pH 1 to inactivate subtilisin prior

chose the PMet 59 residue of Cl2, which immediately
precedes the cleavage point and binds in the@nary
specificity subsite of subtilisin, as the main target of study.

to denaturation by heating in a loading buffer. SDS gels (15%
acrylamide) were run under standard conditions using a Bio-
Rad Minigel apparatus and Coomassie-stained using standard

The CI2 R residue was mutated to Phe and Tyr, which are procedures. A homemade molecular weight marker, in which

the most preferred jPresidues for subtilisin1-9), Lys,

the protein standards were present in varying amounts

which is proposed to form stabilizing electrostatic interactions ranging from 0.05 to g, was used to quantify the aeyl

with the enzyme X0, 11), and Ala and Gly, which remove

enzyme band by comparison, using a Kodak Digital Science

large hydrophobic side-chain contacts and potentially allow DC40 camera and Kodak Digital Science 1D electrophoresis

greater backbone mobility. On the leaving groupsitle of
the scissile bond, the,Presidue Tyr 61 shows the closest
association with the enzyme, forming an aromatic ring
stacking interaction with Phe 189 of subtilisih?j; accord-
ingly, Tyr 61 of Cl2 was mutated to Ala, altering these

documentation and analysis software.

Rapid Quench Obseation of Acy--Enzyme Formation.
Reactions were run in a Bio-Logic SFM-400/Q four-syringe
guench-flow instrument, configured with no additional delay
lines between the mixers and equipped with a circulating

favorable contacts. The native and mutant complexes werewater bath to control the temperature of the reactants. Syringe
compared with respect to binding affinities, rates of cleavage, 1 contained subtilisin BPN14 M in 10 mM NH,OAc at

and ability to form the acytenzyme. Additionally, crystal

pH 5.8 and 1 mM DTT); syringe 2 contained buffer (50 mM

structures of the complexes were analyzed to determineNH;HCO; at pH 8.6); syringe 3 contained CI2 (284 in
whether the observed functional effects arise solely from the 25 mM NH,HCO; at pH 8.6); and syringe 4 contained
loss of the targeted intermolecular interactions and whetherquench solution (0.8% TFA). Reactions took place at@5

the scissile bond is still optimally oriented for acylation in
the mutant complexes.

EXPERIMENTAL PROCEDURES

Subtilisin BPN. Recombinant subtilisin BPN13), modi-
fied by the addition of a C-terminal 6-His tag)( was pre-
pared as described previousi4. Active enzyme concen-
trations were determined by kinetic assay with succinyl-Ala-
Ala-Pro-Phep-nitroanilide as described previousl|§4).

CI2. Truncated recombinant CIZ,(14) was expressed
and purified fromEscherichia colias described previously

in the 22uL intermixer volume between mixers 2 and 3,
with the reaction times determined by the flow rate, and the
enzyme was effectively quenched by acidification to pH 1
after mixing with the TFA quench solution at mixer 3.
Reactions after mixing contained 3/ subtilisin and 14
uM CI2 prior to quenching, and reaction times ranged from
2.75 to 82.5 ms. Quenched reaction volumes were collected,
immediately frozen on dry ice, lyophilized, and then redis-
solved in gel-loading buffer and analyzed by SEFSAGE
as described above.

Crystallization.Crystals of the mutant complexes failed

(14). Throughout the text, we use the amino acid numbering to form under the conditions used previously to grow crystals
of the original full-length protein sequence. The CI2 expres- of the native complex in space groi2,2:2; (3). A broad
sion construct was mutagenized using the PCR-basedscreen of crystallization conditions identified a robust
QuikChange method (Stratagene), and the mutant expressiorotocol that yielded good diffraction quality crystals for all

constructs were verified by DNA sequencing. Mutant CI2

CI2 variant complexes, with only minor customization of

proteins were expressed and purified following the same conditions for each variant. Crystals of the native complex

protocols used for the wild-type inhibitod 4). Wild-type

were grown as well under these new conditions. Lyophilized

and mutant CI2 concentrations were determined by peaksubtilisin BPN and CI2 were each dissolved in 10 mM
integration from HPLC absorbance traces and by titration NaOAc (pH 5.8) and mixed in a 1:1.2 stoichiometric molar

with subtilisin BPN of a known concentration, as described
previously (L4).

Subtilisin Inhibition (Binding) Studie€I12 is a potent slow,
tight-binding inhibitor of subtilisin {5). Inhibition constants
Ki were calculated from the reduced rates of subtilisin

hydrolysis of a chromogenic substrate, succinyl-Ala-Ala-Pro-

Phep-nitroanilide, in the presence of wild-type or mutant

ratio; the ideal total protein concentration varied among the
CI2 mutants. Crystals were grown af@ in hanging drops
over a reservoir of 0.1 M sodium citrate (pH 4.6), 20%
2-propanol, and 15% PEG; the optimal molecular weight of
PEG varied among the CI2 mutants. Crystal drops were
prepared by mixing 2L of the protein solution with 2:L
from the reservoir or, in some casesub of the protein

CI2 [all assay conditions, procedures, equations, and analysissolution with 5uL from the reservoir; some CI2 variants

are described in detail elsewher®d)]. K; values reported
represent mean values from two or more experiments.
Hydrolysis StudiesThe initial linear rate of depletion of
intact CI2 in time-course incubations with subtilisin BPN
was monitored by HPLC, as described previoudl) ( For
each time point, HPLC injections were performed in dupli-

required an additional additive to the drop to achieve the
best possible crystal diffraction quality. Customizations of
the protocol for individual CI2 variants are as follows: the
wild-type and M59K CI2 complexes were grown in PEG
4000, with 4 mg/mL total protein concentration and 3%
xylitol added to the crystallization drops; the M59F and

cate, and remaining CI2 quantities were determined by peakY61A CI2 complexes were grown in PEG 400, with 5
integration of absorbance traces and comparison to standarang/mL total protein concentration; the M59G CI2 complex

curves generated from known quantities of pure Cl2) (
SDS-PAGE of Acyl-Enzyme ComplexeSubtilisin BPN

was grown in PEG 400, with 3 mg/mL total protein concen-
tration; the M59A CI2 complex was grown in PEG mono-

(1—8 ug) was incubated with a molar excess of each CI2 methyl ether 750, with 5 mg/mL total protein concentration;
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Ficure 1: Demonstration of the rapid acylation of subtilisin by
Cl2. Subtilisin BPN and CI2 were mixed in a stop-quench
instrument and then quenched with acid, inactivating the enzyme
and trapping the acylenzyme, after varying mixing times. The
guenched samples were analyzed by SP3GE.

and the M59Y CI2 complex was grown in PEG 750
monomethyl ether, with 4 mg/mL total protein concentration.

Crystals were rod-shaped with hexagonal cross sections and

belonged to space group6s22. Crystals were briefly
transferred to a cryoprotectant solution, containing 0.1 M
sodium citrate (pH 4.6), 15% 2-propanol, 15% PEG 2000,
and 20% PEG 400, and then were flash-frozen in liquid N
For crystals subjected to a pH jump, the cryoprotectant
solution contained 0.1 M CHES (pH 9.0), 15% 2-propanol,
15% PEG 2000, and 20% PEG 400.

Crystal Data Collection and Processingor each variant
Cl2 complex, synchrotron X-ray data were collected from a
single crystal at 100 K using an ADSC Quantum 210 CCD
detector at Advanced Light Source beamline 5.0.1 or 8.3.1,
Lawrence Berkeley National Laboratory. The automation
package ELVES 16) was used to direct MOLFLM 1(7),
for indexing and integration, and SCALA®$), for scaling
and merging the reflections. The M59K CI2 complex was
the first to yield diffraction quality crystals under the
described crystallization conditions, and the M59K CI2
complex structure was solved by molecular replacement
using EPMR 19), using as the search model the wild-type
Cl2/subtilisin complex in space group2;2,2; (PDB ID
1LWB6), with solvent molecules omitted3), A test set
comprised of 5% of the total reflections, assigned at random,
was excluded from refinement to allow calculation of the
free R factor. The model was improved through alternating
cycles of manual rebuilding using the interactive graphics
program O 20), automated refinement using REFMAC5
(22), and automated solvent addition using ARP/WARB) (

Structure refinement of the subsequent variant CI2 complexes

used the near-finished structure of the M59K CI2 complex
as a starting model and followed the same refinement
protocol. The fredR test sets for the subsequent variant CI2
complexes were inherited from the M59K CI2 complex.
Model validation was carried out using PROCHECK8Y
and WHATCHECK @3). Superpositions were performed
using GEM @4).

RESULTS AND DISCUSSION
ClI2 Mechanism of InhibitionAlthough the protein pro-

Radisky et al.

Table 1: Effect of CI2 Mutations on Subtilisin BPMhibition and
Hydrolysis

inhibition hydrolysis

CI2 mutant Ki (M) relative Keat (S71) relative
wildtype  3.0x 10722 1 3.8x 1078 1
M59G 1.3x 10710 44 3.8x 106 1
M59A 1.7x 10°% 6 2.0x 107 5
M59K 19x10% 6 4.7x 10°° 12
M59Y 3.3x 10712 1 8.5x 1078 2
M59F 1.7x 1041 6 1.7x 10°° 4
Y61A 4.6x 10710 153 2.6x 107 67

apparent from this illustration that CI2 falls into the category
of excellent peptide substrates of subtilisin with respect to
the acylation step. For comparison, the good peptide substrate
uccinyl-Ala-Ala-Pro-Phes-nitroanilide displays rate-limit-
Ing acylation with subtilisin BPNand is cleaved with &
of 50 s%, equivalent to a turnover time of 0.02 5)( For
Cl2, the subsequent deacylation and product release steps
are not so facile, however, because the overall rate for
turnover is 3.8x 1078 s71, equivalent to a turnover time of

3 days (4). The proportion of the enzyme present in the
acylated form accumulates to represent on§% of the
total, indicating that the back reaction of peptide religation
(k-2 in Scheme 1) is rapid and that the Michaelis complex
is favored over the acylenzyme in the resulting equilibrium
(3). To understand how the attractive intermolecular binding
forces on either side of the scissile bond contribute to this
mechanism of inhibition, we analyzed six CI2 mutants,
M59F, M59Y, M59K, M59A, M59G, and Y61A, with
respect to inhibition constants with subtilisin, rates of
hydrolysis by subtilisin, formation of an acyenzyme with
subtilisin, and structural changes in the complexes with
subtilisin.

Inhibition Constants, Hydrolysis Rates, and Ackinzyme
Formation of CI2 Mutant ComplexeEhe data from inhibi-
tion and hydrolysis studies with the CI2 mutants are pre-
sented in Table 1; we repdfi, equivalent to the dissociation
constanty, andk.s, the overall rate of turnover. We found
that mutation of Tyr 61 has a substantially greater impact
on CI2 function than mutation of Met 59, consistent with
our prediction of the leaving-group importance in the mech-
anism of inhibition, and that the larger effect of the Tyr 61
mutation is manifest both through an increased inhibition
constant, which reflects a decrease in binding affinity, and
through an increased rate of enzymatic hydrolysis.

From the viewpoint of substrate specificity studies, which
have generally shown;Pand R to be the most critical
positions for subtilisin substrate recognition and attribute
lesser importance to the leaving-group residugsr), the
greater importance of the;Pesidue for both binding and
hydrolysis of CI2 is surprising. However, this finding is fully
consistent with our mechanism of inhibition. The rate-
determining step in proteolysis of the inhibitor involves
hydrolytic attack on the acylenzyme complex and product

tease inhibitors are often thought of as unreactive, we havereleasel; in Scheme 1). The consensus model of the serine

previously shown that an acyknzyme species forms within
the first minutes after mixing of CI2 and subtilisin BPN
(3). We now show that the acykenzyme is detectable within
milliseconds after mixing (Figure 1), and while our assay
method is not quantitative enough to allow exact determi-
nation of an acylation rate constatt {n Scheme 1), it is

protease reaction features the hydrolytic water molecule
approaching the acylenzyme from the face where the
leaving group (R has departed26—27). In the subtilisin/

CI2 acyl-enzyme, the newly formed'Rmino terminus must
begin to dissociate from the enzyme surface to clear a path

for the hydrolytic water molecule. In the wild-type CI2
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complex, the interaction between CI2 Tyr 61 and subtilisin

Phe 189 favors retention of the newly formed &mino FiGUrRe 3: Formation of acyl-enzyme between subtilisin BPind

; ; i« CI2 mutants. (A) Subtilisin BPNsamples (8:g) were incubated
terminus gt the _enzyme |nte.rface, and removal of this with an excess of wild-type or mutant CI2, allowing formation of
favorable interaction by mutation hastens departure of the 5, equilibrium population of the acyknzyme species, acidified

R’ leaving group, accelerating turnover. to quench enzyme activity and trap the aeghzyme, and then
We found that the rate of CI2 hydrolysis correlates in- analyzed by SDSPAGE; a representative gel is shown. (B)
versely with the binding affity (Figure 2)  corelation | Fen 8.0 18 TS SpEReTIel B T SR Te e

consisten_t with the clogged gutter mechanism of inhibition, mean for four o? more determinati%ns on replicate gels.
although it should be noted that the M59G mutant presents

a striking exception to this trend. The rate-determining step by the mutations (Figure 4A). Superpositions were based on
in inhibitor turnover involves hydrolysis of the acy¢nzyme the a-carbon positions of all residues of subtilisin minus the
and subsequent product release. Hydrolysis requires at leasHis tag, plus the residues of the Cl2-binding loop (residues
partial dissociation of the 'Rside of the CI2-binding loop, 156—161). The residues of the CI2 core were not used in
as discussed above, and product release requires full dissuperpositioning, because the junction between the CI2 core
sociation of both R and 'RBides of the cleaved binding loop. and binding loop displays a degree of flexibility, with slight
An inhibitor with optimal enzyme complementarity and hinge angle variations between the mutant complexes.
strong binding affinity in the intact form will likely remain  Average root-mean-square (rms) deviations ootarbon
resistant to dissociation as the complex progresses throughpositions, for the residues used in superpositioning, range
the acyl-enzyme to the cleaved form, hence, the observed from 0.069 A (between the wild-type and M59A complexes)
correlation. to 0.117 A (between the wild-type and M59F complexes).

To determine whether any of the mutations studied had The structural differences between the wild-type complex
an appreciable effect on the ability of the complex to form in two different crystal forms, resulting from different crystal
an acyl-enzyme, subtilisin BPNwas incubated with the  packing interactions, are actually greater than the differences
variants of CI2 and then acid-quenched, trapping the equi- among mutant complexes; the two wild-type structures show
librium acyl-enzyme population for detection by gel analysis an average rms deviation of tleecarbon positions, for the
(Figure 3). The acytenzyme formation observed with wild-  residues used in superpositioning, of 0.271 A (Figure 4B).
type ClI2 was reproduced with the mutant inhibitors, which The P2;2,2; (3) andP6s22 crystal forms differ markedly in
displayed between 2 and 10% of the aeghzyme species, the CI2 hinge angle, by 81and many peripheral loops of
as a proportion of the total enzyme. Again, however, the subtilisin display subtle displacements. The subtilisin His tag
M59G mutant represents a major departure from the othertakes on completely different conformations in each of the
mutants; no acytenzyme species was detected for M59G two crystal forms, indicating that it is most likely unstruc-
in any of four replicate assays. tured in solution.

Crystal Structures of the CI2 Mutant Complexgs.enable Structural comparison of the walls of the Specificity
interpretation of the biochemical data for the CI2 mutants cleft of subtilisin in the P mutant complexes reveals only a
in terms of the loss of specific intermolecular interactions small degree of adjustment in the backbones of residues that
involving either the acylating- or leaving-group regions of form the binding subsite, to accommodate the mutated CI2
the Cl2-binding loop, it was necessary to verify that no larger side chains (Figure 5A). The largest backbone displacements
structural repercussions had been introduced by the muta-are seen in the complexes with M59Y and M59F, to
tions. To that end, X-ray structures, ranging from 1.3 to 1.7 accommodate these larger aromatic side chains. Maximal
A resolution, were obtained for complexes of subtilisin BPN  displacements relative to the native structure are seen at
with all of the CI2 mutants described. A summary of the subtilisin residues 127128 (up to 0.73 A) and 166 (0.5 A),
data collection and refinement statistics is presented in Tablewhile residues 155156 show a more subtle displacement
2. A global structural comparison indicates that no gross (0.25 A). B-factor analysis gives an indirect indication of
changes in the CI2 backbone structure have been introducedhe relative flexibility of active-site residues between the
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Table 2: Summary of Data Collection and Refinement Statistics
wild type M59K M59Y M59F M59A M59G Y61A M59K pH 9
PDBAD 1T™M1 1TM3 1T™M7 1TMG 1TM5 1T™M4 1701 1TO2
cell (A)
a=b 93.72 94.20 94.15 94.16 93.78 94.10 94.07 93.67
c 185.85 187.62 186.42 185.32 185.76 186.81 185.77 185.92
resolution (A) 1.70 157 1.59 1.67 1.45 1.70 1.68 1.30
unique reflections 52 791 68 455 66 113 56 854 81746 54 020 55 676 109 999
completeness (%) 98.2 99.0 99.8 99.8 95.6 99.4 99.4 98.4
multiplicity 4.8 19.4 9.8 17.6 2.3 17.6 4.7 4.1
1/SDaP 13.9(3.5) 24.3 (3.9) 18.0(3.5) 20.8(3.1) 9.7 (2.3) 19.7 (2.5) 10.3 (2.4) 13.2(2.3)
Rmerge (%0)¢ 6.8 (42) 8.9 (68) 8.1 (48) 11.5 (69) 4.3 (28) 11.2 (93) 9.9 (61) 5.3 (49)
Reryst (%0) 15.1 16.6 15.5 14.9 16.1 15.8 15.6 16.8
Riree (%) 18.2 18.4 175 17.4 17.9 18.3 18.2 18.3
rmsd bonds (49 0.020 0.018 0.020 0.020 0.019 0.020 0.019 0.019
rmsd angles (de§) 1.794 1.729 1.815 1.768 1.880 1.731 1.728 1.915
protein averag® (A2 16.0 15.2 171 14.7 15.0 194 16.6 12.6
water averag® (A?) 34.4 30.7 335 33.0 32.7 34.8 34.7 28.3

2| = intensity, and SD= standard deviatior?. Outer shell values are given in parenthe$@Rnerge= Y || — DY | x 100%.9 Reryst= ¥ |Fobs —
Feaid/Y Fobs x 100%.°rms deviations from the ideal geometry.

mutant complexes (Figure 5B). The M59G mutant has
noticeably higheB factors, indicative of greater flexibility,

in the CI2 backbone residues 59 and 60 flanking the scissile
bond, in subtilisin residues 125, 153, and 154, comprising
the adjacent walls of the;Rleft, and in the subtilisin Ser
221 side chain. The active-site features, including the
catalytic triad and the CI2-binding loop Bnd R’ residues,
superpose almost perfectly for all mutants, and the complexes
retain the ideal geometry for nucleophilic attack of Ser 221
on the scissile bond3j.

Organized water molecules within the @eft of subtilisin
play a role in enzymeinhibitor recognition at the binding
interface. The most significant structural effects of the CI2
P. residue mutations involve modulation of the solvent
structure. The larger aromatig Bide chains of M59Y and
M59F extend more deeply into the Sleft, excluding two
ordered water molecules, S57 and S189; in these structures,
a single, completely buried water, S35, remains at the back
of the cleft. The smaller or absent side chains of M59A and
M59G result in the addition of ordered water molecules to
the hydrogen-bonded solvent network in thecigft; M59A )
sees the addition of S420, while M59G has two added waters, |~ |
S420 and S421 (Figure 6). The absence of any greater |
structural consequences of the utations allows us to
clearly attribute the observed increaseKjrandk. for the
mutants directly to the Fside-chain replacement and solvent
restructuring in the Scleft.

The structure of the Y61A complex similarly confirms that
the functional effects of this mutation, reduced binding
affinity and increased hydrolysis, result solely from lost
favorable ContaCtS between CI2 Tyr 61 and .SUb.tI“SIn F_’he FIGURE 4: Superpositions of subtilisin BPACI2 complexes. (A)
189. In the wild-type complex, the two aromatic side chains Rjppon traces representing subtilisin complexes with wild-type C12
form an offset ring-stacking interaction, in which the ring (red), M59K (orange), M59Y (yellow), M59F (green), M59A
planes are parallel to each other and separated by ap<{cyan), M59G (blue), and Y61A (purple). The Ci2 binding loop
provimately 35 A. The sinuclure of the V1A complex s 123 L e TS 8 Dege i e ek e et
marked by the replacement of the tyrosine side c_ham with complexes in space grou;BS‘ZlZlZl' [subtilisin in red, and CI2 ir¥p
two ordered water molecules, S388 and S492, with almost grange; PDB ID 1LW63)] andP6s22 (subtilisin in dark blue, and
no change in the surrounding protein structure (Figure 7), CI2 in medium blue). This view is rotated such that the CI2-binding
echoing our findings with the;utants. The catalytic triad  loop is roughly perpendicular to the page, to highlight the hinge

and the Cl2-binding loopFand R’ residues also superpose
closely with those of the wild-type complex, retaining the
ideal orientation for nucleophilic attack of Ser 221 on the
scissile bond J).

angle displacement between complexes. The black arrow again
indicates the scissile bond. The C-terminal His tag of subtilisin is
located in the lower right corner of the illustration. All superposi-
tions were based on the carbons of all enzyme residues minus
the His tag plus the ClI2-binding loop residues—54..



Mutations at the Subtilisin/CI2 Interface Biochemistry, Vol. 43, No. 43, 2004.3653

Asn 155

J\Glu 156

5183

|
\.:” |Gly 128

Ficure 6: P; residue side chain and solvent positioning in the
Si-binding cleft. R residue side chains and solvent molecules are
shown in red (wild-type Cl2), orange (M59K), yellow (M59Y),
green (M59F), cyan (M59A), and blue (M59G). Water molecules
present in some or all of the structures are labeled in red. The green
chain at the bottom of the figure represents a PEG molecule that
replaces water S193 in the M59F structure. The backbone atoms
of CI2 P, and R’ residues and the side chains of the subtilisin
catalytic triad residues are colored gray (carbon atoms), pale blue
(nitrogen atoms), and pink (oxygen atoms), while residues of
subtilisin forming the §$ cleft walls are shown in white, for all
structures. The dotted lines indicate the continuation of the CI2
backbone, and the black arrow indicates the scissile bond.

06

L&
FiURE 5: Active site and $hinding cleft of subtilisin BPNin should lead to a more rapid product release. The changes in
complex with R variants of CI2. (A) Residues of subtilisin forming ~ the scissile bond region dynamics implied by Bédactor

the § pocket walls in the various complexes are shown in bright analysis of this mutant would likewise suggest greater
colors: red (wild-type CI2), orange (MS9K), yellow (MS9Y), green  5;sceptibility to hydrolysis and dissociation. However, the

(M59F), cyan (M59A), and blue (M59G). For all complexes, the . f . .
P, and R’ residues of CI2 and the catalytic triad residues of MS9G mutant is as resistant to hydrolysis as wild-type CI2,

subtilisin are shown in pale colors, where carbons are gray, nitrogensCausing it to appear as a major outlier in the correlation
are pale blue, oxygens are pink, and sulfurs are pale yellow. The between binding and hydrolysis (Figure 2). A clue to the
dotted lines indicate the continuation of the CI2 backbone, and the explanation is found in the gel analysis of aeghzyme

black arrow indicates the scissile bond. (B) Aver&jactors are formation. No acy-enzyme species was detected for the

lotted for the main-chain (MC) atoms comprising the walls of the : . .
gl cleft of subtilisin, the maEin-c)hain (MC) atgms gf Cl28nd R M59G mutant, suggesting that for this mutant, the primary

residues 59 and 60, and the side-chain (SC) atoms of the subtilisinbarrier to proteolysis occurs not at the deacylation stage but
nucleophilic serine, Ser 221. Raé®factors for each structure have  earlier. Apparently, the Michaelis complex proceeds less

been normalized with division by the average protifactor for rapidly to the acyt-enzyme, resulting in little buildup of an
that structure, such that a value of 1 corresponds to the averageacyl—enzyme population

protein B factor for that structure. : o . o
The reason for this alteration in the mechanism of inhi-

The M59G Mutant: Variation on the Clogged Gutter bition is not apparent from the structure of the M59G com-
Inhibition MechanismM59G is the most weakly bound of  plex; the positioning of the subtilisin serine nucleophile
the R mutants. It would be expected to be the most rapidly relative to the CI2 scissile bond is unchanged in the mutant
hydrolyzed of the P mutants according to the binding/ structure. We are left to speculate that the favorable inter-
hydrolysis correlation (Figure 2), because the weaker enzyme actions between a,Ride chain and the;Sinding cleft play
inhibitor association should make the interface more acces-a much larger role in stabilizing the tetrahedral transition
sible to the hydrolytic water at the aecyénzyme stage and state and acytenzyme intermediate than they do in the
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Ficure 7: Detail of the aromatic side chains and solvent structure
at the enzymeinhibitor interface of subtilisin BPNin complex
with wild-type CI2 and the Y61A mutant. Side chains of CI2 residue
61, subtilisin Phe 189, and proximal solvent molecules are shown
in red (wild-type CI2) and purple (Y61A). A white ribbon represents
the subtilisin backbone, and a gray ribbon represents the CI2

backbone. AN
Glu156 |
Table 3: Kinetic Constants for Hydrolysis of ) ]
Succinyl-Ala-Ala-Pro-[X]p-nitroanaline Substrates by Subtilisin Ficure 8: Comparison of the Met and Lys, Bide chains and
BPNa solvent structure in the ;ocket of subtilisin BPN P, residue
- - e side chains, Glu 156 side chains, and water molecules are shown
Piresidue  kea(S™) Kw (M) KealKm (M™s7) in red (wild-type C12) and orange (M59K). The backbone atoms
Met 13 9.0x 105 1.4x 1P of C12 R and R’ residues and the side chains of the subtilisin
Gly 0.003 1.2x 104 25 catalytic triad residues are colored gray (carbon atoms), pale blue
Ala 1.9 1.5x 104 1.4x 10¢ (nitrogen atoms), and pink (oxygen atoms), while residues of
Lys 30 7.5x 1074 4.0x 10 subtilisin forming the $pocket walls are shown in white, for both
Tyr 25 1.8x 10°° 1.4x 10° structures. The dotted lines indicate the continuation of the C12
Phe 50 1.4< 104 3.6x 1P backbone, and the black arrow indicates the scissile bond.

a Data taken from the work of Wells, Estell, and colleagug<j.

the broad binding cleft and forms hydrogen bonds with two
water molecules, S189 and S201.

It has been pointed out in the literature that Lys is an
alternative preferred;Residue for subtilisin BPN although

Michaelis complex, and that the absence of,&iBle chain

in the M59G mutant is much more destabilizing to the
tetrahgdral transition state and ae?'.‘zy”.‘e mterme@atg not for subtilisin Carlsberg, as the result of electrostatic
than it is to the Michaelis complex. This mirrors the situation interaction between a;FLys residue and the carboxylate
with su_btlllsm a}nd a series of peptide succmyI—AI_aTAIa-Pro— anion of Glu 156 in the Sbinding cleft of subtilisin BPN
[X]-p-nitroanaline substrates, whetéy was minimally (19" 11y crystallography of a covalent adduct between
increased for the Pglycine substrate relative to good g hiijisin BPN and a putative tetrahedral intermediate
substrates, indicating a modest reduction in binding, while analogue, Phe-Ala-Lys-chloromethyl ketone, revealed an ion
kear was reduced by over 3 orders of magnitude (Table 3). hair 31 A in length 10), and subtilisin mutagenesis studies
The literature contains other examples of serine proteasesgpawed the electrostatic interaction between Glu 156 and
notably trypsin £8) andStreptomyces grisepsotease 129), P; Lys to favor catalysis, lowering the transition-state free
in which P, specificity is expressed primarily throudda: energy by 1.8 kcal/moli(l).

rather thanKy, revealing a general importance of the oy syructure of the complex between subtilisin BRNd
substrate P residue in stabilizing the transition state. ihe M59K CI2 mutant allows us to contrast a Michaelis

Similarly, for theSaccharomyces cerisiaeprotease Kex2,  complex structure with that of the tetrahedral intermediate
the enzyme-substrate interaction at B used almost entirely analogue: the validity of our complex as a model of the

for transition-state stabilization of the acylation reactid®) ( Michaelis complex is confirmed by the rapid acylation that
The M59K Mutant: Significance of Electrostatic Interac- we observe. The M59K mutant structure reveals that, in the
tions. The Met and Lys Pside chains and associated water Michaelis complex, the PLys amine and the Glu 156
molecules superpose almost perfectly (Figure 8), allowing carboxylate are separated by 4.3 A. A water molecule, S201,
us to attribute the 6-fold reduction in the binding affinity is 2.9 A from the R Lys amine and 2.3 A from the Glu 156
solely to the introduction of the charged lysine amino group. carboxylate and could potentially bridge the electrostatic
This charged group has a deleterious effect on the bindinginteraction; however, S201 has a relatively diffuse electron
affinity despite the fact that it is located near the mouth of density and & factor slightly higher than the average solvent
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B factor for this structure. These facts, combined with the of the inhibitor scissile bond, may also be a common feature,
solvent-exposed position of the potential ion pair and the giving the clogged gutter mechanism a central role in the
observed deleterious effect of the M59K mutation on CI2 function of the classic serine protease inhibitors. However,
binding, make a strong electrostatic interaction unlikely in alternative interpretations could also be considered.

the Michaelis complex. We eliminated the possibility that For a number of the most inten5e|y studied protease
the structural variations in our complex might be an artifact inhibitors, the process of enzyme binding, cleavage, and
of the low crystallization pH by repeating the structure dissociation has been shown to be fully reversible, resulting
determination on a crystal that had undergone a soak at pHin an eventual equilibrium between the intact and cleaved
9; the high pH structure showed no differences. inhibitor, with an equilibrium constant near unity, (33).

Our findings, when taken together with previous studies For OMTKY3, Ardelt and Laskowski presented evidence
(10, 11), suggest that the electrostatic interaction between that subtilisin Carlsberg resynthesizes the intact inhibitor
Glu 156 of subtilisin BPNand a substrate;Rys residue is from the cleaved form much more rapidly than chymotrypsin
insignificant in the Michaelis complex but becomes important or elastase34). It is possible that the subtilisins but not the
in the transition state and tetrahedral intermediate. PI’OgreSSChymotrypsin family of proteases create a uniquely favorable
along the reaction path towards the transition state may beenvironment for religation of the cleaved reactive site bond,
marked by reorganization of solvent and movement of the explaining both our data and that of Ardelt and Laskowski.
charged side chains toward each other, which may serve asThe pervasiveness of the clogged gutter mechanism with
a mechanism of transition-state stabilization. Further evidenceenzymes and inhibitors beyond subtilisin BPahd CI2
for this suggestion is found in kinetic studies of peptide remains to be experimentally explored.
substrate hydrolysis by subtilisin BPNsuccinyl-Ala-Ala- Summary of Conclusionghe previously proposed clogged
Pro-Lysp-nitroanaline is bound at an order of magnitude gytter mechanism of CI2 inhibitior8), in which turnover
more weakly than the equivalent methionine substrate but|iowing acylation is slowed by retention of the leaving
has a greatek. (Table 3), indicating that the charged P 4qup in the active site and promotion of inhibitor religation,
residue contributes more to transition-state stabilization than suggested a testable hypothesis. While the acylating residues

initial binding. S are more critical for ordinary substrates, where acylation is
Subtilisin § Cleft Discrimination.The data reported here  rate-jimiting, we predicted that leaving-group determinants
for binding affinities of subtilisin BPN for the CI2 R would be more critical for implementing CI2 inhibition. We

mutants, in combination with the high-resolution structures q,nd that mutation of Tyr 61 of CI2, which forms the most
of the complexes, provide new insight into the specificity gjgnificant leaving-group contacts with the enzyme, did
of subtilisin and the energetic consequences of replacingindeed interfere with the inhibitory function to a greater
buried hydrophobic surface area with ordered solvent at a gytent than the mutation of Met 59, the@sidue that forms
binding interface. Although the subtilisin, 8inding cleft is the strongest enzyme contacts on the acylating side of the
often described as ideal for accepting large hydrophobic scissjle bond. We found that a correlation exists between
residues, there appear to be only minor energetic conse-c|2 hydrolysis and binding, which is completely consistent
quences for the replacement of the hydrophobic contactsyith rate-determining deacylation and product dissociation.
present when Phe, Tyr, or Met is bound with ordered waters sjgnjficantly, CI2 hydrolysis did not correlate with either
ina hydro_gen—borjded network, in the case of a sma!ler OF k. of Kea/Krm fOr peptide substrates featuring the same P
absent Pside chain. Even when the bulky hydrophobic P yesidues (data in Table 3), further emphasizing that CI2
residues are bound, a buried water molecule, S35, remaing,yqrolysis is not slowed at the acylation step, which is rate-
at the bottom of the Sbinding cleft, involved in a network  jimjting for the peptide substrateS)( High-resolution crystal

of hydrogen bonds at the enzymmhibitor interface.  stryctures of the mutant complexes, which show no large
Surprisingly, M59A binds with similar affinity to MSOF,  gpifts in backbone conformation, allowed us to attribute the
revealing that the Scleft shows little preference for the 1, tational effects on binding and hydrolysis directly to the

aromatic side chain over the 3 water molecules that replaceoss of very specific intermolecular interactions and reorga-
it in the M59A mutant. Involvement of bound waters in  pization of solvent molecules.

molecular recognition of variant;Pesidues has been noted
for other proteaseinhibitor pairs, such as for the complex
of Streptomyces griseuproteinase B with the turkey
ovomucoid inhibitor third domain (OMTKY)J1) and the
complex of bovine trypsin with BPTI3Q).

Generality of the Clogged Gutter Mechanisvihile our
studies have been limited to the interaction between subtilisin
BPN and chymotrypsin inhibitor 2, a comparison of the
active sites of many proteasehibitor complexes reveals
that they share a characteristic inhibitor backbone conforma-
tion at the enzyme interface and nearly identical geometry
for approach of the serine nucleophile to the scissile bond
(3). This striking structural similarity suggests that the
subtilisin BPN/CI2 complex may be representative of other AckNOWLEDGMENT
protein protease inhibitor complexes with respect to the ease
of acyl-enzyme formation3J). It is tempting to speculate We thank Susan Marqusee for use of the Bio-Logic
that retention of the leaving-group peptide, favoring religation SFM-400/Q quench-flow instrument and James Holton and

Our data also provide fortuitous insight into the catalytic
mechanism of subtilisin BPNIn the M59G CI2 mutant,
hydrolysis appears to be slowed at the acylation step, despite
optimal orientation of the scissile bond and catalytic triad;
we interpret this as evidence for the importance of the P
side chain for transition-state stabilization during acylation.
Structural data from the M59K CI2 mutant likewise imply
a role for this residue in transition-state stabilization, because
electrostatic interactions known to be of importance in
catalysis were not in evidence in the ground-state Michaelis
complex structure and must therefore evolve along the
reaction coordinate.
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